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HISTOGENESIS OF THE RETINA 1 

ARTHUR W. WEYSSE AND WALDO S. BURGESS 

Introduction 

The histology of the vertebrate retina has been carefully inves- 
tigated in several animals and the adult structure of that organ is 
now fairly well understood, but the development of the retinal 
elements has received very little attention. The literature on 
the eye deals chiefly with the formation of the optic vesicles and 
with the histology of the adult organ. The only writer who has 
attempted to follow out the histogenesis of the retinal elements 
appears to be Cameron (:05) in a series of papers on the develop- 
ment of the retina in Amphibia, while Bernard (:00-:04) has 
given some attention to the development of the rods and cones. 
The investigations on which the present paper is based, were 
made on the retina of the chick. This animal was selected for 
study, first because it has never been investigated before, and 
second because it affords so readily a complete series of stages 
of development so that there need be no gaps for lack of material. 
Since it has been necessary to compare the results obtained here 
with those of Cameron, his technique has been followed closely, 
but in addition certain modifications of it have been used, for 
while in many cases by using his methods results precisely similar 
to his have been obtained, yet by other methods results more in 
accord with the known processes of cell and tissue development 
in other organs of the body have been secured. 

1 From the Biological Laboratory of Boston University, College of Lib- 
eral Arts. 
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Technique 

In the course of this work several fixing reagents have been 
tried with varying degrees of success. Of these, Kleinenberg's 
picrosulphuric mixture has proved entirely satisfactory in most 
cases, but the best results have been obtained from the fluid 
used by Cameron and known as the Bles fluid; it is made as 
follows : — 

70 % alcohol 90 parts 

Glacial acetic acid . . . . 3 " 

Commercial formalin . . . . 7 " 

The embryos remained in this for one week and were then trans- 
ferred to 70% alcohol. 

When needed, the eyes were dissected out, cut in halves by a 
vertical section through the optical axis, and placed in 90 % alco- 
hol for three hours, followed by 95 % alcohol for from six to twelve 
hours according to size. They were then cleared in cedar oil and 
finally imbedded in paraffin, being passed through two paraffin 
baths of one and three hours each, kept at a temperature of 53° C. 

All sections were made with a Bausch and Lomb sliding micro- 
tome and mounted in the usual way. All were stained on the 
slide. 

In most cases two different staining methods were used in each 
stage of development for the sake of comparison. These were a 
33 % aqueous solution of Delafield's hsematoxylin followed by 
an alcoholic solution of eosin, and an iron-alum preparation 
described by Cameron. 

This second method gave entire satisfaction in every respect 
when modified by the subsequent use of eosin. The slide was 
first placed in a 4 % aqueous solution of iron-alum, the violet- 
tinted crystals, and allowed to remain ten minutes. This treat- 
ment acts as a mordant of course. It was then thoroughly washed 
in tap-water, dipped in a saturated aqueous solution of hsema- 
toxylin for ten minutes, and again washed in water. This left 
the sections jet black. The slide was then placed once more in 
the iron-alum solution and carefully watched until the sections 
were of a light purple tint. They were then rinsed in water and 
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examined under the microscope. If over-stained they were 
bleached a little longer in the iron-alum, if not stained enough 
the hematoxylin was repeated. The process has the advantage 
that it admits of absolute control. The slide was next placed in 
an alcoholic solution of eosin for about fifteen seconds and the 
excess of stain washed out in alcohol. An oil-immersion lens is 
absolutely essential for making out the details of retinal develop- 
ment. 



Earlier Stages of Retinal Development 

After the primary optic vesicle has invaginated to form the sec- 
ondary optic vesicle or 
optic cup, as shown in 
Fig. 1, it is readily seen 
that the invaginated por- 
tion, the earliest stage in 
the development of the 
retina, and the uninvagi- 
nated portion, which is 
continuous with it and 
is to become the pigment 
layer, consist of nuclei 
essentially similar in 
structure, with more or 
less granular protoplasm 
about them, — the two lay- 
ers differing in thickness 
only. Karyokinesis at 
this stage takes place at 
the margins only of the 
optic cup, in both the 
retinal and the pigment 
layers. 

In the earliest stage in 
which the retina as such 
is to be identified, its 
structure consists of nuclei suspended in cytoplasm without cell 




Fig. 1. — Section through the entire optic cup of a 
64 hours' embryo showing relative distribution of 
the nuclei in the pigment layer and the retina; the 
mitotic figures indicate the only points at which 
karyokinesis takes place at this stage of develop- 
ment, x 220. I., lens; p., pigment layer; )•., 
retina. 
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walls, i. e., it is a syncytium whose outer and inner extremities 
form the external and internal limiting membranes. This is 
in accord with the conclusion of Bernard (:00). Early writers 
described it as made up of discrete cells, while Cameron goes 
to the opposite extreme and maintains that it consists of nuclei 
with absolutely no cytoplasm at all. Cytoplasm there certainly 
is in the chick at this stage if a cytoplasmic stain is used, but it 

is almost impossible to dem- 
onstrate it with a nuclear 
stain alone. It is difficult, 
however, to determine just 
what or how much cyto- 
plasm is to be associated 
with each nucleus since cell 
walls are absent. The nu- 
clei are evidently all alike 
except for slight differences 
in shape, some being ellipti- 
cal and some circular in out- 
line; this may be due to 
their being cut in different 
diameters. The first meas- 
ure- 7.29 ft by 4.38 fi, while 
the second are 5.83// in 
diameter. This is as large 
as any retinal nuclei ever 
become. 

Although no structural 
difference is apparent, there 
is, however, an intrinsic dif- 
ference in these nuclei. 
Those next the external 
limiting membrane have the power of division, while the others 
have not. These then may be called the row of germinal nuclei, 
which at this early stage are not dividing except at the junction of 
the retina with the pigment layer, but division begins immediately 
after the complete formation of the optic cup, so that karyokinetic 
figures are found from margin to margin until the beginning of 
differentiation of the retinal layers. 




■i.l.TTV. 



Fig. 2. — Section through a portion ot the retina 
of a 56 hours' embryo. Each nucleus is pro- 
vided with cytoplasm at its inner and outer 
ends. There is no cell division going on at this 
point in the retina at this stage. x 810. e. L 
m., external limiting membrane; i. I. m., inner 
limiting membrane.. 
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The dividing nucleus is surrounded by a. clear, fluid-filled 
space several times as large as the other nuclei. Its outline, 
though formed by the surrounding protoplasm, is so pronounced 
as to simulate closely the appearance of an enveloping membrane. 
This is well shown in Fig. 5. 1 In the one in the center the plane of 
the section passes through the long axis of the spindle, while in 




g.l.m,. 



n 
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Fig. 3. — From a section of the eye of an 84 hours' embryo showing the numerous 
blood vessels in the choroid in close contact with the pigment layer, which 
here consists of two layers of nuclei embedded in a common cytoplasmic 
mass with no pigment granules. The wide separation of the external limit- 
ing membrane from the pigment layer is artificial, x 810. b. v., blood vessel; 
c, choroid; e. 1. m., external limiting membrane; i. I. m., inner limiting mem- 
brane; p., pigment layer; >•., retina. 

the others it cuts through or parallel with the equator. Thus it is 
seen that the plane of division is always perpendicular to the 
external limiting membrane. No exceptions to this rule have 

1 All figures are from chick embryos and were drawn with the Abb6 camera 
lucida to the magnification indicated in each case; in some figures the details 
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been observed. After each division into two, one nucleus is left 
behind to contribute one additional row to the thickness of the 
retina while the other grows to its original size and divides again. 
Thus the external limiting membrane is continually moving 
outward the width of a nucleus with each successive generation 
of germinal nuclei. The fate of the nuclei thus left behind will 
be considered in connection with the various retinal layers. 
Differentiation begins at the time the majority of germinal 




Pig. 4. — Outline drawing of a section of the entire retina of a 7f days' embryo. 
The layer of rods and cones and the outer reticular layer extend from IV to 
VII. The ganglion-cell layer and the inner reticular layer extend from X to 
XI. In the layer of germinal cells the numbers of nuclei in a dividing stage are 
as follows: from I to II, 82; from II to III, 47; from III to IV, 32; from IV 
to V, 17; from V to VI, 5; from VI to VII, 23; from VII to VIII, 56; from VIII 
to IX, 80. x 19.5. 

nuclei at the center of the retinal cup cease to divide, that is, 
at the end of the period of most rapid growth. Commencing 
thus at the center it gradually encroaches upon the territory of 
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the undifferentiated margins. In this way every section contains 
in its various parts all the preceding stages through which it has 
passed. For instance a segment near the margin of a ten clays' 
retina would have attained the same degree of development as 
a segment through the center of the retinal cup from a younger eye. 
Hence in the discussion of development in this paper it is always 
the most highly developed portion of the retina, the center, on 
which all conclusions are based, and not the parts nearer the 
margin, which invariably represent an earlier stage. 

In the growth of the retina as a whole there are three well 
defined periods: (1) the period of cell-multiplication, (2) the 
period of readjustment, (3) the period of final differentiation. 
The first, which extends from the second to the eighth day, is 
characterized by a tremendous increase in the number of nuclei 
and consequently in a rapid growth in the size and thickness of 
the whole retina, which at the end of this stage has attained its 
maximum width of 195 jx. During the succeeding period of read- 
justment, from the eighth to the tenth day, there is still a rapid 
. growth at the margins, but at the center of the retinal cup the num- 
ber of nuclei is henceforth practically fixed, and the principal 
change is that of redistribution or readjustment into layers. Inci- 
dental to this there is a sudden decrease in width to 150 n, undoubt- 
edly due to a stretching out of the surface area. The stage of 
differentiation, extending from this time to the end of incubation, 
is marked by the growth of cytoplasmic processes and by a grad- 
ual increase to 180 jj. in the thickness of the retina. 

The Ganglion-cell Layer 

The ganglion-cell layer is the first to appear with the beginning 
of the period of readjustment, as shown in Fig. 6. It consists at 
first of three rows of nuclei which are marked off from the others 
by the commencement of the inner reticular layer. As the surface 
area of the retina increases, these nuclei, whose number of course 
remains the same, 1 gradually fall into line, beginning at the center 

1 In a 7| days' embryo a single dividing nucleus was found in this layer, 
the only exception in the entire series studied. 
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of the retinal cup and thence radiating outwards on every side 
toward the margins, until at the end of this period the layer comes 
to be composed of a single phalanx of nuclei (Fig. 7) . This re- 
adjustment takes place in the direction of the internal limiting 
membrane as is shown by the fact that there is no corresponding 
increase in the width of the nerve-fiber layer. Thus in its develop- 
ment the ganglion-cell layer actually decreases in width from 28.6 ft 
to 10.4//. 

Part of the nuclei of this layer are the same nuclei that were 

seen in the early retina imme- 
_^_e.l.m. diately after the formation of the 



■ A V -V, 



Q t -4jfe pi' <5^ # ' --9' n - optic cup (Fig. 1), and the re- 

,' ©■ A ', @ fa I '. mamder are the first nuclei to be 

' '• w Y w ^ * <! formed by the division of the 

; ' '"; germinal nuclei. All are of the 

Fig. 5 — Germinal nuclei in process of same size as those found in the 
division, — from the retina of a 6i days' , ,.™ . , ,. . 

embryo, aii the nuclei are imbedded early undifferentiated condition; 

in a mass of granular cytoplasm, and in t J lat i ? to gay a f ter division each 
each case the cleavage plane is at right * 

angles to the external limiting membrane. gl'OWS to the size of the parent 
x 1500. e. I. m., external limiting mem- 1 <• . i , <• ,1 

brane; ff .n.. germinal nuclear layer. nucleus, a- fact also true of the 

amacrines or horizontal nuclei. At 
the advent of the third stage of growth, with its attendant increase 
in the amount of cytoplasm, these cells become multipolar and 
gradually approach nearer and nearer the condition of the adult 
retina. 

The Inner Nuclear Layer 

The inner nuclear layer, which is by far the largest and most 
conspicuous of all, has its beginning in the fourteen successive 
generations of nuclei immediately following the production of 
those which are eventually to become the ganglion cells. Fig. 12 
shows this layer in the process of formation and Fig. 13 gives the 
appearance three fourths of a day later. It does not become a 
complete layer by itself until the beginning of the period of read- 
justment when the outer reticular layer appears and separates it 
from the future external nuclear layer; but long before this, 
differentiation has already taken place. 
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In this layer the nuclei of the first generation become the inner 
horizontal cells while the nuclei of the last generation become the 
outer horizontal cells. In both cases, as mentioned before, these 
nuclei after division grow to the size of their immediate ancestors, 
the early germinal nuclei. This, however, is not true of the inter- 
.-^^^w^rzr^ mediate generations. Here 
—"Jt^lL_^-' ~r.~v-, each successive phalanx 
'f^^^U^if^' fffftx fails to attain quite the size 
$4 \.> i i <3 $ of the one preceding, so that 
^ffl$- ' A ' '•■' § 'i ' when the process is complete 

i « ! *A ' ffi ; A M we get the effect of a grada- 

tion of nuclei apparent in 
Fig. 15, where they range in 
size from 5.83 ft to 4.38// in 
diameter. 

During the first two peri- 
ods of growth the nuclei of 
this layer, which measure 
7.29 fj. by 2.92 p. on an aver- 
age, are all extremely ellip- 
tical in outline, with the long 
axis at right angles to the 
limiting membranes. When 
examined with a low mag- 
nifying power they appear 
sharply pointed at the ends, 
and Bernard (:04) has fig- 
ured them thus in his Plate 
29, Fig. 25. But when 
studied with the oil im- 
mersion these nuclei are 
seen to be elliptical and 
bounded by a very distinct 
membrane which is rounded 
at the ends. They present 
very much the appearance 
of having been pulled outward toward the layer of germinal nuclei,. 
for the cytoplasm about them streams from each pole in the direction 



v.r... 
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Jiff 
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Mill 
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i.l.m. 

Fig. 6. — Section through the retina of a 7i 
days' embryo. The ganglion-cell layer here 
consists of three layers of nuclei and the inner 
reticular layer has just begun to form. Nuclei 
are still dividing in the germinal layer, and 
the' pigment layer is connected with the ex- 
ternal limiting membrane by cytoplasmic 
strands. x 440. 6. v., blood vessel; e.l.m., 
external limiting membrane; g. c, ganglion- 
cell layer; i. I. m., inner limiting membrane; 
i. v., inner reticular layer; m. f., radial fibers 
of MOller; n. {., nerve-fiber layer; p., pigment 
layer. 
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of the limiting membranes. Some of these nuclei, especially those 
near the middle of the layer, eventually become supporting cells or 
fibers of Miiller. This is well shown in Fig. 12. Up to the end 
of the period of readjustment the chromatic substance of all retinal 
nuclei is scattered about in the nucleus as several granules; later, 
there is a single large, clearly defined chromatic mass. This con- 
dition appears to be true of other embryonic tissues as will be 
seen by the figure, but it is especially evident in these elliptical 
nuclei of the inner nuclear layer. 







#r tn\ Tint iiir 1 x 
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.Fig. 7. — Portion of the retina ot a 10 days' embryo. The ganglion-cell layer now 
consists of two layers of nuclei. The inner reticular layer is well differentiated 
and the adjacent nuclei of the inner nuclear layer will develop chiefly into 
horizontal cells, x 810. g., ganglion cell; g. c, ganglion-cell layer; h. c, hori- 
zontal cells or amacrines; i, 1. m., inner limiting membrane; i. r., inner reti- 
cular layer; n. /., nerve-fiber layer. 

To account for the enormous increase in the number of these 
nuclei in so short a period two explanations have been advanced: 
the theory of migration and the theory of direct division; neither 
of these appears to us probable. The first is advanced by Bernard 
( : 00-: 04). He states that in order to account for this rapid increase 
in numbers "we have to assume a stream of nuclei from the un- 
differentiated edges of the retina towards the base of the cup." 
In another place in the same paper he asks the question: "Where 
does the middle nuclear layer get its supply of nuclei to furnish 
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the outer nuclear layer?" Our work on the chick demonstrates 
clearly that the outer nuclear layer is not derived from the inner 
nuclear layer in any sense of the word. Each layer is first laid 
down by successive generations of nuclei from within outward 
as Fig. 12 shows. As before stated this process is followed by a 
later readjustment in each layer, but not by migration from one 
layer to another. As for Cameron's theory of direct division 
there is absolutely no evidence that such a process takes place in 
the chick. Even at the center of the retinal cup mitotic division 
does not wholly cease until nearly all the rods and cones have 
reached an advanced stage of development. 

From the time the outer reticular layer begins to appear at the 
end of the first period of growth no more nuclei are added to the 
inner nuclear laver. It has then attained its maximum thickness of 




Fig. 8. — An 88 hours' embryo, in which pigment granules appear in the outer por- 
tion of the pigment-layer cells; the nuclei of this layer are closely packed 
together. x 810. b. v., blood vessel; p., pigment layer; p. g., pigment 
granules. 

111.8 /(. The nuclei are all crowded veiy closely together, this 
being especially true of the half of the layer nearer the external 
limiting membrane. Then begins the period of readjustment, 
during which the layer diminishes in thickness to 65 ji. With the 
stretching out in area of the whole retina and its consequent 
restoration of equilibrium or equalization of tension, if we may so 
express it, the nuclei become more loosely arranged and gradually 
assume the circular outline, Figs. 13 and 15. The number of 
phalanges, or rows of nuclei, which was at first fourteen, has now 
decreased to eight, for there has been a gradual closing up of the 
ranks in the direction of the external limiting membrane, made 
evident by the corresponding increase in the width of the inner 
reticular layer. 

In the final stage of differentiation there is little change in this 
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layer except for a slight decrease in thickness from 65 p. to 44.2 p.. 
The nuclei stain more deeply with the iron-alum hsematoxylin, 
and all are spherical except those of the supporting cells or fibers 
of Miiller, while the nuclei of the horizontal cells are readily dis- 
tinguished by their clearer texture. The cytoplasm of the layer 
remains the same in amount and appearance as at the beginning. 

The Reticular Layers 

The reticular layers are purely cytoplasmic in both origin and 
structure, there being no evidence to the effect that nuclei have 
anything to do with their formation. Each retinal nucleus, ex- 
cept in mitosis, is always enveloped in an intact nuclear mem- 
brane, and there are never appearances that might suggest the 
extrusion of nuclear substance or in the strict sense of the word 
the protrusion of processes of any kind. To be sure, the cyto- 




Fig. 9. — A 7 days' embryo; the nuclei of the pigment layer are more widely sepa- 
rated from each other; the pigment granules are more numerous and still en- 
tirely on the outer side of these nuclei. x 810. b. v., blood vessel; p., pig- 
ment layer; p. g., pigment granules. 

plasmic processes of the bordering nuclei eventually extend into 
these layers to varying depths, but there is no ground for the 
assumption that such cytoplasm is of nuclear origin as Cameron 
believes is the case in the frog. 

The inner reticular layer, which is the first of these to form, 
begins to appear at about the middle of the period of cell multi- 
plication. It starts as a narrow protoplasmic rift between the 
third phalanx of the early ganglion-cell layer and the first gener- 
ation of nuclei in the future inner nuclear layer (Fig. 6). This 
rift gradually widens, a little in the direction of the ganglion-cell 
layer, but chiefly toward the inner nuclear layer as these two 
layers develop. Viewed as a whole the layer has in section a 
crescent-shaped outline, and as it develops the pointed edges of 
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the crescent encroach more and more upon the undifferentiated 
margins, as seen in Fig. 4. 

The rate of development of this layer is fairly uniform from 
the time of its first appearance to the end of incubation. At 
the commencement of the period of readjustment it has attained 
a width of 13 ft, which has increased to 18.2 ft at its close. As 
will be remembered, it is during this time that the ganglion-cell 
nuclei fall into line, hence some of these stragglers are still to be 
seen lingering behind in this layer (Fig. 7). These are the nu- 
clei which Lowe ('78) and Falchi ('87) found it so difficult to 
account for. From the beginning of the stage of differentiation 



JFig. 10. — An 8i days' embryo in which the pigment granules now fill the cytoplasm 
• between the nuclei but do not yet occupy the cytoplasm between the external 
limiting membrane and these nuclei, x 810. b. c, blood cell; b. v., blood 
vessel; p., pigment layer. 

onwards there is a constant increase in width up to 44.2 /i which 
is the final thickness of the inner nuclear layer. 

Up to the stage of completed development the structure of this 
layer is practically homogeneous throughout, but as differentia- 
tion proceeds, vacuoles appear next the ganglion-cell layer so 
that the appearance is like that in Fig. 15. Later the processes 
from the ganglion cells and the cytoplasmic strands from nuclei 
of the inner nuclear layer can be traced to varying depths, while 
the fibers of Mtiller extend perpendicularly across the layer from 
the internal limiting membrane to the membrane of Henle. 

The outer reticular layer begins to develop four or five days 
later than the inner and toward the close of the period of cell 
multiplication. Viewed as a whole it presents in section the same 
crescentic appearance, but the horns of the crescent extend into 
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the undifferentiated region only half as far as those of the inner 
reticular layer (Fig. 4). Its width never increases but remains 
at 5.2 fi, though the boundaries are not so clearly defined at first 
and some straggling nuclei of the inner nuclear layer are still to be 




elan. 



Km. 



Fig. 11. — A 16i days' embryo showing the cytoplasm of the pigment layer com- 
pletely filled with pigment granules, x 810. 6. v., blood vessel; e. I. m., 
external limiting membrane; H. m., membrane of Henle; p., pigment layer. 

found in it up to the beginning of the stage of differentiation. 
At this stage the membrane of Henle is formed by the flattening 
of the inner ends of the rod and cone cells against the cytoplasm 
of the horizontal cells and against the ends of the fibers of Miiller 
and of the processes from the inner nuclear layer (Fig. 13). 



The Pigment Layer 

The retina and the pigment layer, having as they do a common 
origin, develop in physical contact from margin to margin, and 
perhaps have an even more intimate connection, for the pigment 
layer probably plays an important rdle in the transfer of nutri- 
tive fluids to the multiplying nuclei and growing processes of the 
retina. 

The pigment layer consists at first of two rows of closely packed 
nuclei, each 5.83 \x in diameter and surrounded by protoplasm 
which completely fills all the remaining space between the bound- 
ing membranes. The appearance is much like that suggested 
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by Fig. 3. It is a significant fact that even at this early stage 
there are always numerous large blood vessels in the choroid 
tissue just outside the pigment layer. 

It will be noticed in Fig. 1 that growth of the pigment layer is 
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Fig. 12. — Section through the retina of a 7 days' embryo. The three layers of 
nuclei which will later become the ganglion-cell layer can be identified, as 
well as the bipolar cells of the inner nuclear layer, and the nucleus of a fiber 
of MUller is very distinct. Every nucleus of the germinal layer shows mitotic 
figures, the plane of division in each case being at right angles to the external 
limiting membrane; these nuclei are all imbedded in granular cytoplasm, 
x 810. C, choroid; g. c. ganglion-cell layer; g. «., germinal nuclear layer; 
i. I. m., inner limiting membrane; m. J., radial fibers of MUller; p., pigment 
layer. 

at the margins and that even as early as two and two thirds days 
the surface area at the center of the cup has stretched out to such 
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an extent that the nuclei here have fallen into line so that the 
layer consists of a single row of nuclei. The condition at the 
margin of the optic cup remains the same as long as the eye con- 
tinues to increase in size. Hence the row of actively dividing 
nuclei is always relatively short compared with that of the retina 
of which it is a direct continuation. After division the resulting 
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JTiG. 13. — The retina of a 105 days' embryo showing the structures outside of the 
inner reticular layer. In the inner nuclear layer can be distinguished the 
inner horizontal cells, the bipolar cells, the nuclei of«the fibers of Muller and 
the outer horizontal cells. The outer reticular layer is forming, the mem- 
brane of Henle is distinct, and the outer nuclear layer shows the nuclei of the 
cones and of the rods in two layers. The cones appear as rather broad pro- 
jections beyond the external limiting membrane and the cones as narrow 
cytoplasmic processes, x 810. bi. c, bipolar cell; c. n., cone nuclei; e.l.m., 
external limiting membrane; H. m„ membrane of Henle; i. h. c, inner hori- 
zontal cells; o. h. c, outer horizontal cells; ro., rods; r. »., rod nuclei. 

nuclei invariably grow to the size of the original nucleus, so there 
is never any apparent diminution in their size. 

Pigment commences to form as early as three and two thirds 
days. Contrary to the statement which Cameron makes for the 
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frog, the granules begin to appear in the chick on the side of the 
layer away from the retina and in the protoplasm between the 
nuclei, which shows them to be of cytoplasmic origin (Figs. 8 and 
12). Cameron says that in the frog they appear first on the side 
adjoining the retina. As development proceeds and the nuclei 
become farther apart these granules gradually fill all the cyto- 
plasm of the pigment layer on the side farthest from the retina 
(Fig. 9). It will also be noticed that at the same time vacuoles 



%. h.c. ... 
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Fig. 14. — Inner portion of the retina of a 164 days' embryo. The cells of the 
ganglion-cell layer now lie practically in a single plane. The inner reticular 
layer shows the large meshwork of its inner portion and the finer structure of 
its outer portion, x 810. g. c, ganglion-cell layer; i. h. c, inner horizontal i 
cells; i. r., inner reticular layer; n, /., nerve-fiber layer. 

begin to appear in the undifferentiated cytoplasm invariably 
present between the pigment layer and the external limiting mem- 
brane of the retina (Figs. 6 and 10). This cytoplasm is very 
minute in amount at an early stage of development and later 
increases greatly, taking the form of strands which are the begin- 
nings of the future rods and cones and of the cytoplasmic streamers 
which finally develop from the pigment layer and extend inward 
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between them. Meanwhile the cytoplasm about the nuclei be- 
comes differentiated to such an extent that by sixteen and one 
third days the layer is seen to be composed of clearly denned cells 
each completely filled with pigment granules (Fig. 11). Later 
all finer structure is entirely obliterated by the pigment, but no 
granules are ever found normally outside their enveloping cyto- 
plasm. The significance of these facts in the development of 
the retina is seen in connection with certain theories which Ber- 
nard has elaborated. He believes that pigment is a nutritive 
substance which is constantly being ingested and absorbed by 
the growing retina. This theory had its origin in Miss Huie's 
article on Drosera, in which she has succeeded in establishing 
the fact of an intracellular digestion. Bernard goes so far as 
to describe streams of absorbed pigment stretching through the 
inner nuclear layer and forming the fibers of Muller. Cameron 
has accepted this theory and applied it in his study on the amphi- 
bian retina. The nuclei, he believes, put forth an unformed 
ferment or enzyme under the action of which the pigment granules 
are rendered available for the metabolism of the cell. In this 
way the rod and cone vesicles grow by successive digestions. 

Before the theory is accepted, however, it must be shown 
that pigment is actually a food substance and not as generally 
supposed a waste product. The theory must be harmonized, 
too, with the fact that pigment granules are extremely resistant 
to the action of all known ferments or digesting fluids as Cameron 
himself states. A further objection to the theory lies in the fact 
that in the chick these granules first form on the side of the pig- 
ment layer away from the retina, so that the rods begin to develop 
before there is any pigment in their vicinity. If they are able to 
begin to grow without it, is it not at least possible that they might 
continue to develop without it? Further, pigment is never found 
outside the protoplasm of the pigment cell; none ever appears in 
the retina, or even in contact with the rods and cones during their 
development. Besides, may not the mediation of a third sub- 
stance and in such an unavailable form be entirely superfluous, 
for cannot the rods and cones obtain nutritive material for their 
growth direct from the numerous blood vessels just outside the 
pigment layer? 
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The Outer Nuclear Layer 

The outer nuclear layer, which forms during the period of read- 
justment, consists of two rows of nuclei. The one first laid down 
and adjoining the membrane of Henle is the layer of cone nuclei, 
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Fig. 15. — Retina of a 164 days' embryo from the internal limiting membrane to 
the membrane of Henle. The expanded inner ends of the radial fibers of 
Mtiller are evident. The large nuclei of the inner and outer horizontal cells 
appear in the inner nuclear layer, the remaining nuclei in this layer belonging 
to bipolar cells and to the fibers of Mtiller. x 810. bi. c, bipolar cell; g. c, 
ganglion-cell layer; H. m., membrane of Henle; i. h. c, inner horizontal cells; 
i. I. m., inner limiting membrane; i. r., inner reticular layer; o. k. c, outer 
horizontal cells. 

which are fewer in number and more scattered in position (Fig. 
13). The other, which borders on the external limiting membrane, 



630 THE AMERICAN NATURALIST [Vol. XL 

represents the last product of the division of the germinal nuclei. 
In fact, division among them does not wholly cease until the rods 
of their immediate neighbors have attained a high degree of 
development. Thus the rod nuclei are the youngest in the retina. 
All measure 4.38 p. in diameter, which is the regular size of the 
germinal nuclei after the first half of the first period of growth. 
They suffer no diminution in size with the development of the rods 
and cones, and least of all do they receive any accessions to 
their number by a migration of nuclei from the inner nuclear 
layer. 

Long before division has ceased in the row of rod nuclei, in 
e j <vu fact as soon as the outer nuclear 
layer begins to appear at the cen- 
ter of the retinal cup, the rudi- 
ments of the future rods and 




1 H\^ ^ en cones can be made out in the 

' iMjjj^fj'i shape of cytoplasmic threads or 

^fe&4M,i M , y|ai H.7H. strands between the pigment layer 

Fig. 16. — The development of the rods 1 ii j. 1 v •!* 
and cones in a 10 days' embryo. The alld the external limiting mem- 
rod-body is distinctly granular; the cone- brane. The rods and cones are 
body appears as a narrow cytoplasmic . , „ , . . . 
thread, x 1500. c. n., cone nuclei; e. /. clearly of Cytoplasmic OlTglll. 
„,.., external limiting membrane; H. m., Th j s C y to plasm slowly increases 
membrane or Heme; r. n., rod nuclei. * i ^ 

in amount so that at the begin- 
ning of the stage of differentiation the appearance is like that 
shown in Fig. 13. It will be noticed that a fragment of the orig- 
inal protoplasmic thread still tips the ends of some of the rod 
rudiments, while the base of the rod appears drawn out into a 
finely attenuated stalk whose inner extremity flattens against the 
membrane of Henle. The base of the cone is shorter and much 
broader (Fig. 16). As development proceeds, little or no change 
takes place in the outer nuclear layer strictly so called except that 
the nuclei toward the close of the period of differentiation stain 
more deeply with the iron-alum hematoxylin. This is true of all 
retinal nuclei. 

The cytoplasm of the rods, which at first is evenly granular and 
homogeneous throughout, gradually increases in amount and as- 
sumes more and more the conical appearance presented in Fig. 
17. About the middle of the period of differentiation, a clear 
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unstaining vesicle appears at the tip or outer segment and persists 
in the same size and shape during the remainder of the develop- 
ment of the rod. There is no evidence that it is of nuclear origin 
in the chick, although Cameron describes it as such in the frog. 
The cytoplasm between this vesicle and the rod nucleus gradually 
elongates as development proceeds but without any appreciable 
increase in amount since at the same time the diameter diminishes, 
and eventually a conical cap of protoplasm develops on the distal 
end so that the unstaining vesicle appears like a fluid-filled vacu- 
ole imbedded in the rod about a fourth the way from the finely 
tapering point. 

An interesting statement in this connection is made by Ber- 
nard, and repeated in more elaborate form by Cameron, to the 
effect that the nuclei 
of the rods tend to 
become protruded to 
varying degrees be- 
yond the external lim- 
iting membrane. This 
certainly does not seem 
to be the case in the 
chick, although at first 
glance the appearance 
is strikingly in accord 
with such a statement. 
In the base of many 
of the rods and just 
outside the external 
limiting membrane ap- 
pears a structure that 
might easily pass for a 
nucleus. The object 

proved a puzzle for a time, but with more careful study its explana- 
tion became clear. It was found that all the rods do not stand 
exactly perpendicular to the external limiting membrane, but many 
of them are bent over at various angles with it; and consequently 
these structures that look so much like nuclei are the truncated 
ends of other rods that once pointed toward the observer. By 




Fig. 17. — The developing rods and cones in an 11 days' 
embryo. The rods now show a clear outer segment 
and a granular inner zone. The cones are essentially 
the same as in the preceding figure, x 1500. c. a., 
cone anlage; c. n., cone nuclei; c. I. m„ external limit- 
ing membrane; g. z., granular zone of rod; H. »t.„ 
membrane of Henle; o. h. c, outer horizontal cells; 
o. s., outer segment of rod; r. J., rod fiber; )•. »., rod! 
nuclei. 
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focusing down on them the remainder of the stump can be 
traced to its own nucleus. Hence the rod nucleus invariably 
retains its early position wholly inside the external limiting 
membrane. We have been unable to find such effects in the 
chick as Cameron figures in the frog in his PI. 51, Figs. 24 and 
29, where the nucleus forms a distinct projection beyond the 
limiting membrane. 

Variations in the Relative Rate of Development 

In the development of the retina the time of appearance of the 
different elements is not absolutely fixed. An eye at ten days 
may have reached the same degree of development as another at 
twelve, or again it may be no further advanced than some that are 
two clays younger. In the same retina it might be expected that the 
state of development of one layer would bear some definite relation 
to that of the others. But this is not the case. When the gan- 
glion-cell layer, has reached the stage shown in Fig. 6, the inner 
nuclear layer may appear as shown in that figure, or it may be 
more or less highly developed. Very frequently the inner nuclear 
layer reaches a very advanced stage before any cytoplasmic 
changes in the outer nuclear layer have begun to appear at all. 
On the other hand the rods and cones may be developing rapidly 
while the other layers are still in the earlier stages. The fact 
has been mentioned before that when the majority of the rods 
are in an advanced stage of development others are found beside 
them whose nuclei have just ceased dividing and whose rudiments 
have not begun to develop at all. Hence from the appearance 
of a part it is impossible to predict the stage of development of 
any other, for there appears to be no definite developmental ratio 
that might serve as a criterion. The drawings in each case are 
from the more typical representatives, and give the appearance 
most frequent at the specified age. 

Summary and Conclusions 

1. The retina consists at first of a syncytium. 

2. Most of these nuclei eventually go to form the ganglion-cell 
layer; those next the external limiting membrane become the ger- 
minal nuclei. 
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3. Only the row of germinal nuclei has the power of division. 

4. There are three well defined periods of growth: (a) the 
period of cell multiplication, second to eighth day; (b) the period 
of readjustment, eighth to tenth day; (c) the period of final differ- 
entiation, tenth day to end of incubation. 

5. Up to the end of the first period the retina grows from 
within outward by the deposition of an additional row of nuclei 
with each successive generation. 

6. After this, karyokinetic figures are found only at the mar- 
gins. 

7. Differentiation begins at the center of the retinal cup and 
gradually spreads in every direction toward the growing margins. 

8. Between the center of the optic cup and the growing margin 
■of any given retina are represented all the different stages through 
which it has passed; the nearer the margin, the younger the stage. 

9. The ganglion-cell layer consists at first of three rows of 
nuclei. 

10. These fall into line in the direction of the internal limiting 
membrane so as eventually to form but one layer. 

11. In the inner nuclear layer differentiation into horizontal 
cells, fibers of Miiller, and bipolar cells takes place pari passu 
with the formation of these nuclei. 

12. This layer consists at first of about fourteen generations 
■of nuclei. 

13. With the exception of the horizontal cells each successive 
generation fails to attain quite the size of the one preceding. 

14. As development proceeds the number of rows of nuclei 
decreases from fourteen to eight by a closing up of the ranks in 
the direction of the external limiting membrane. 

15. Up to the end of the period of readjustment the nuclei of 
this layer are elliptical in outline with the long axis at right angles 
to the external limiting membrane. 

16. Later these nuclei become circular in outline. 

17. The reticular layers are cytoplasmic in both origin and 
structure. 

18. The pigment layer is a direct continuation of the retina. 

19. Like the retina its early structure is also a syncytium. 

20. The nuclei at first are in two rows which early become 
arranged as one with the stretching out of the surface area. 
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21. Active growth is restricted to the margins of the pigment 
layers and continues as long as the eye increases in size. 

22. Nuclei of this layer are always of the same size as those 
found in the early undifferentiated condition. 

23. Pigment granules first form on the side of the layer away 
from the retina and in the protoplasm between the nuclei. 

24. These granules are never normally found outside the cyto- 
plasm of the pigment cell. 

25. There is no evidence that pigment is a food substance. 

26. The numerous large blood vessels always present in the 
choroid coat next the pigment layer may furnish the nutritive 
material for the development of the retina. 

27. The outer nuclear layer represents the last two genera- 
tions from the division of the germinal nuclei. 

28. The rod nuclei are the youngest in the retina. 

29. They are more numerous than the cone nuclei, and divi- 
sion among them does not wholly cease until the rods of their 
immediate neighbors have attained a high degree of development. 

30. The rods and cones have their origin in undifferentiated 
cytoplasm. 

31. There is no evidence that any part of the rod or cone is of 
nuclear origin. 

32. The nuclei of the rods and cones retain their early posi- 
tion wholly within the external limiting membrane and do not 
tend to become protruded to varying degrees beyond it, as has 
been recorded for other animals. 

33. In the development of the retina there is no fixed time for 
the appearance of the different elements. 

Biological Laboratory 
Boston University 
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